New coupled-state R-matrix calculations are performed at energies up to 1 eV to give rotational excitation and de-excitation cross-sections for electron collisions with CH . Rotational excitations with Dj up to 7 are considered. Transitions with Dj up to 6 are found to have appreciable cross-sections, those with Dj 2 being comparable to (indeed slightly larger than) those with Dj 1, the only ones considered previously. Rates for electron temperatures up to 15 000 K and critical electron densities are given. A model of CH rotational populations shows them to be relatively insensitive to electron temperatures in the range 800±2000 K, but to depend strongly upon electron density. The models predict a signi®cant population in rotational states with j > 1 even at low electron densities; at higher densities the possibility exists that electron collisions alone might explain the recently observed populations in the planetary nebula NGC 7027.
I N T R O D U C T I O N

CH
was the ®rst ever molecular ion to be observed in the interstellar medium, via its optical spectrum. Observations of CH have persistently given abundances greater, by as much as two orders of magnitude, than corresponding theoretical models. Attempts to resolve this discrepancy continue (Federman et al. 1996; Chieze, Pineaux des Fore Ãts & Flower 1998) .
Recent observations of the planetary nebula NGC 7027 using ISO have, for the ®rst time, recorded pure rotational spectra of CH (Cernicharo et al. 1997) . Transitions were observed for j H À j equal to 2±1, 3±2, 4±3, 5±4 and 6±5. Conventional wisdom (Neufeld & Dalgarno 1989 ) is that excitation of molecular ions at low densities is dominated by collisions with electrons. This is because the crosssections for electron-impact excitation of molecular ions are several orders of magnitude larger than the corresponding ones for excitation by atomic or molecular collision partners such as H or H 2 .
There are essentially no experimental determinations of electronimpact excitation rates for molecular ions, so astronomical models have relied exclusively on theoretical estimates for these parameters. There have been a number of theoretical determinations of electron-impact excitation rates for CH (Chu & Dalgarno 1974; Dickinson & MuÄ noz 1977; Flower 1979; Dickinson & Flower 1981; Neufeld & Dalgarno 1989) . These studies have all been highly approximate. The most commonly used method for obtaining rotational excitation rates has been the Coulomb±Born approximation (Boõ AEkova & Ob''edkov 1968; Chu & Dalgarno 1974; Flower 1979; Neufeld & Dalgarno 1989) , which assumes that all collisional excitation is due entirely to long-range effects.
For CH it has always been assumed that only dipolar interactions need to be considered. Within this model, and indeed the other cited above, only single jumps in vibrational or rotational quanta are possible.
Recent R-matrix studies on HeH and NO (Rabada Ân, Sarpal & Tennyson 1998a,b) have suggested that the (dipole) Coulomb± Born approximation is not a reliable method for computing electron-impact rotational excitation rates. In particular, a more complete treatment can lead to signi®cant population of higher rotational states, particularly j 2. In this work we present rotational electron-impact excitation rates for CH that should be signi®cantly more reliable than those given previously. We use these to model CH rotational emission spectra using conditions similar to those thought to prevail in NGC 7027.
C A L C U L AT I O N S
R-matrix calculations
One of us (Tennyson 1988 ) has previously performed an R-matrixbased study of electron ± CH collisions. However, this study used a crude, self-consistent ®eld (SCF), representation of both the target and low-lying electronically excited states of the system, and was not considered to be suf®ciently accurate for the present work.
New calculations were therefore performed using the UK molecular R-matrix package (Gillan, Tennyson & Burke 1995; Morgan, Tennyson & Gillan 1998) . Calculations were performed at the single, ®xed equilibrium CH bondlength of 2.137 a 0 using an R-matrix radius of 10 a 0 . A ®xed bondlength is appropriate, as previous studies on HeH and NO have shown that electronimpact rotational excitation cross-sections are rather insensitive to vibrational motion effects (Rabada Ân et al. 1998a ). Mon. Not. R. Astron. Soc. 306, 473±478 (1999) q 1999 RAS * Author to whom correspondence should be addressed; e-mail: j.tennyson @ucl.ac.uk
We represent the CH molecular ion with a basis consisting of 28 Slater-type orbitals (STOs) distributed in the following symmetries: 16j, 8p, 3d, 1f, taken from Cade & Huo (1973) . Six CH target states, the lowest states of symmetry 1 S , 3 P, 1 P, 3 S À , 1 D and 3 S , were included in the close-coupling expansion. These were generated using a complete active space con®guration interaction (CASCI) procedure (Tennyson 1996) in which the six electrons of the CH ion are distributed according to the prescription, 1j 2 f2j3j4j2pg 4 . All six target states were considered in both the inner and outer region of the calculation.
This model gives a ground-state dipole moment for CH of 1.543 D at 2.173 a 0 . This should be compared the best available (theoretical) value of 1.655 D (Ornellas & Machado 1986) for the CH vibrational ground state.
We represent the continuum with 203 numerically calculated basis orbitals with l # 8, m # 3 and energy less than 9 Ryd. These were Lagrange-and then Schmidt-orthogonalized to the CH target orbitals (Tennyson, Burke & Berrington 1987) . This calculation was performed for the total symmetries 2 S, 2 P, 2 D and 2 F. At each energy, the four resulting ®xed nuclei T-matrices are used to calculate the pure rotational cross-sections, following the recommended procedure of Rabada Ân et al. (1998a) , as implemented in program rotions (Rabada Ân & Tennyson 1998) . In this procedure, higher partial wave contributions to the Dj 1 transitions are computed using the Coulomb±Born approximation, whereas transitions with Dj > 1 are obtained using the four ®xed nuclei Tmatrices. Particularly at low energies, the effect of energy changes at threshold can become important. These can only be included rigorously in a full rotational close-coupling calculation, which is not practical at the collision energies studied here because of the large number of channels that would be involved. Instead, the computed cross-sections were threshold-corrected using kinematic ratios (Chandra & Temkin 1976) .
Scattering calculations were performed up to a collision energy of 1 eV. Above this value, the contribution to the rates was estimated using the same high-energy tail procedure as Rabada Ân et al. (1998b) . The relatively low energy cut-off for our full calculations was caused by the need to avoid threshold of the ®rst electronically excited state of CH , a 3 P, at 1.2 eV. This state also introduces a series of Rydberg resonances into our computed cross-sections. Unlike the narrow, nuclear-excited Feshbach resonances which are introduced with vibrational motion and whose in¯uence has been found to be small (Rabada Ân et al. 1998a ), some of these Feshbach resonances are relatively broad. Cross-sections were therefore computed on a ®ne energy grid, so that the effect of these resonances could be included in the calculations.
R E S U LT S A N D D I S C U S S I O N
Pure rotational cross-sections are found for all transitions j!j H , for j 0; 1; 2; 3; 4; 5 and 6 and j H 1; 2; 3; 4; 5; 6 and 7. Shown in Fig Rates of rotational excitation were obtained assuming a Maxwellian velocity distribution for the electrons. Results for excitations starting from the rotational ground state are given in Fig. 2 which shows that electron-impact excitation rates for j 0 ! 2 actually exceed those for j 0 ! 1 at all temperatures considered. This is contrary to all previous assumptions about this process. Signi®cant rates are found for processes up to j 0 ! 6; however, the j 0 ! 7 rates are too small to include on the ®gure.
For ease of use in modelling, the temperature dependence of the rates, q, for the important transitions have been ®tted using the form
where T is in Kelvin and q is in cm 3 s À1 . This form is different from the one used in our previous studies (Sarpal & Tennyson 1993; Rabada Ân et al. 1998b) , as the resonances discussed above alter the temperature dependence of the rate coef®cients. The ®tted parameters for these processes are given in Table 1 be computed using the principle of detailed balance (see e.g., Mun Äoz 1977 and Flower 1981) . We note that the kinematic scaling used to get the correct threshold behaviour makes it dif®cult to obtain simple relationships between excitation and de-excitation rates for the same process. Table 2 shows the critical electron densities calculated using
The Einstein coef®cients for spontaneous emission, A j H ! j, were calculated from the dipole moment using the method of Neufeld & Dalgarno (1989) . In determining n cr j H ; T we consider only the transitions q 0!j H T. This is correct for j H 1, but for states with j H > 1 this value is an upper limit on the critical density due to the existence of alternative excitation paths whose importance depends on the electron density, n e .
T H E
We have constructed a simple numerical model of the excitation of pure rotational levels of CH molecular ions in an astrophysical situation, such as that found in a planetary nebula. The pure rotational spectrum of CH has been identi®ed in the far-infrared emission of NGC 7027 by Cernicharo et al. (1997) , and so we have used typical inferred physical conditions for this nebula in the model (Liu et al. 1996; Liu 1997 ). This implies a number density of hydrogen nuclei of order 10 5 , an n e =n H value of order 3´10 À4 , and an electron temperature in the region of 1000 K.
Using the rotational excitation rates and Einstein A coef®cients calculated above, the steady-state populations of the rotational levels can be found by integrating the equation
In this equation, n k is the population of the rotational level with quantum number k, and n e is the local electron density. The ®rst term in this equation describes transitions to the state k from all other states i, the second term describes spontaneous decay, and the third term describes depopulation due to transitions from the state k to all other states i. This equation gives the rate of change of occupancy for a single j-level; in our models we consider values of j between 0 and 7. In order to obtain the steady-state level populations, a series of computational bins are constructed to represent rotational levels j 0 À 7, and the conditions at time t 0 are imposed as follows: n 0 1:0 and n j>0 0:0. Equation (3) can then be applied to ®nd dn j =dt for all values of j, and the system is marched forward in time (ensuring the time-step was small enough for numerical stability) until a steady state is reached.
The ®nal steady con®guration is found to be independent of the initial conditions, as can be seen by considering equation (3) with the left-hand side set to zero. This independence of the initial state of the ion is consistent within our model, but exposes one of its important limitations. We are considering a static population of CH , whereas in a real situation there will be a`turn-over' as the chemistry of, say, a diffuse cloud proceeds. It is likely that CH is formed in higher rotational levels and cross-sections for its destruction, especially by electron impact via dissociative recombination, must also depend on the state of the target.
Whether these effects have a strong in¯uence on the rotational emission spectrum will depend on the mean lifetime of a CH ion; neither, however, are currently included in our simple model.
Initially, three models were constructed: model A includes only transitions with Dj 1, model B considers only excitations from the j 0 level to the j 1 À 7 levels, and model C considers all excitations between the j 0 and j 7 levels.
q 1999 RAS, MNRAS 306, 473±478 Steady-state rotational populations were calculated with models A, B and C using the typical densities for NGC 7027 quoted above, and a range of electron temperatures between 800 and 2000 K in steps of 100 K. In these models we set the number density of CH to unity; the populations we obtain are therefore those per particle. The emission rates are trivially calculated as the product of the level populations with the relevant Einstein A coef®cients, and the results of these simulations are shown in Fig. 3 as plots of number rate of emissions against electron temperature. It can be seen from this ®gure that, within the range considered, the temperature dependence of the level populations is very weak; this is a result of the fact that the peak-decay structure of the rate curves occurs over a scale of the order of 10 000 K; see Fig. 2 . A range of size 1000 K therefore displays little structure.
The primary excitation paths within the system are also apparent from Fig. 3 . The results of models B and C are almost identical, demonstrating that, at this electron density, most of the excitations take place through transitions from the j 0 level. This is a direct result of the low level of excitation in the models, with approximately 99 per cent of the ions being in the ground rotational state. In this situation, excitation from the j 0 level is the dominant pathway to the higher levels, simply due to the large number of ions in the ground state.
Model A is based on the standard assumption of Dj 1 excitations only. Our results show that this approach, as expected, makes a negligible contribution to populating the higher levels. Tables 3 and 4 show the¯uxes of CH pure-rotational emission which has recently been detected from NGC 7027 by Cernicharo et al. (1997) . These are calculated as the number of emissions relative to the j 2 À 1 transition by a simple manipulation of the energy¯uxes given in the cited paper. Shown in Table 3 is the corresponding steadystate emission rates from models A, B and C at a temperature of 2000 K. It can be seen that the traditional approach, model A, cannot explain the observation of any emission from states with j $ 3. Models B and C do predict some emission, but with¯uxes signi®-cantly less than those observed. The model results do not compare well with the observations, predicted emission for states with j > 2 being, at best, a factor of <4 below those observed.
The inferred physical conditions in NGC 7027 quoted above result in a low electron density of n e < 30 cm À3 . It is, however, possible that regions of higher electron density may exist due to shocks or photodissociation regions (PDRs), and that some or all of the observable emission from CH originates in such regions. In addition, Cernicharo et al. (1997) interpret their observations in terms of LTE and a rather low ®xed temperature of 150 K, which does not appear consistent with the critical densities quoted above and may not be appropriate for the conditions in NGC 7027. To explore this possibility, we also investigate the behaviour of models A, B and C with respect to variations in electron density between 30 cm À3 and a maximum of 10 5 cm À3 . This maximum is derived from a value of nH 2 5´10 7 cm À3 (used by Cernicharo et al. 1997 to explain CH rotational line ratios with H 2 ±CH collisions) and a warm PDR electron fraction of n e =nH < 10 À3 . It does seem likely, however, that this density is an overestimate (Liu et al. 1996; Liu 1997) .
Model A again produces a very low amount of excitation; however, models B and C enter regimes of high excitation once the electron density approaches values of order 10 4 cm À3 . Table 4 476 A. J. Lim, I. Rabada Ân and J. Tennyson q 1999 RAS, MNRAS 306, 473±478 Table 2 . Critical electron density, n cr in cm À3 , as a function of temperature, for rotational levels. Powers of 10 are given in parentheses. Table 3 . Predicted steady-state emission¯uxes at a T E 2000 K and n e 30 cm À3 . Units are number rate of emissions relative to the j 2±1 transition. Observations are from Cernicharo et al. (1997) . gives results for a number of such runs. For an electron temperature of 1000 K, it can be seen that transitions other than just those from the j 0 level are of much greater importance than in the lowelectron-density models. This is to be expected, since the ground rotational state no longer contains the overwhelming majority of the CH population. For example, an electron density of 75 000 cm For an electron density of order 10 5 cm À3 , which roughly corresponds to total carbon ionization, the j 6 À 5 emission rate from model C exceeds that inferred from the observations. However, the emission rates from the lower transitions are too high by factors close to 2. Results from model C for a temperature of 2000 K are shown in Table 4 . We ®nd that it is possible to approach the observed rotational line ratios using a model which consists solely of inelastic electron collisions; however, electron densities of the order of 5´10 4 cm À3 are required. Other processes exist which may augment the level populations of CH . Cernicharo et al. (1997) suggest molecular hydrogen as an inelastic collision partner for CH . However, although detailed rotational excitation rates for H 2 ±CH collisions are not accurately known, these are undoubtedly orders of magnitude below those for electrons, and it is unlikely that CH can be maintained in LTE in this fashion. Very recently, Black (1998) has proposed a model based on the absorption of locally produced far-infrared radiation. This model gives reasonable agreement with the observed emissions. Our models, however, do demonstrate that the higher rotational states of CH can be signi®cantly populated by electron-impact excitation alone. It is therefore probable that at least some of the observed infrared emission from NGC 7027 results from this process. What our models show is that for the high H density assumed by Cernicharo et al. (1997) , electron collisions, ignored by these workers, will signi®cantly affect the CH rotational population. Finally, it is interesting to note that for n e > 10 2 cm À3 our predicted ratio of emission¯uxes for j 1 À 0 at 359 mm (Carrington & Ramsay 1982) to j 2 À 1 at 179:61 mm is much more sensitive to electron density than the ratio of higher transitions to j 2 À 1. This suggests that observation of this ratio could yield important information on electron densities in a region where electron collisions control the population of CH rotational levels.
C O N C L U S I O N S
We have computed electron impact rotational excitation crosssections and rates for CH . The calculations use a more rigorous procedure than previous studies, and ®nd important contributions from transitions with j > 2, which have been uniformly neglected in all previous work. In particular, we ®nd that the Dj 2 excitation rates actually exceed those for Dj 1, the only ones that have previously been considered. Use of our electron-impact excitation rates in a simple electron collision model of CH rotational populations in NGC 7027 suggest that electron collisions can lead to signi®cant populations of rotational states with j > 1, particularly for electron densities of 10 3 or higher. If electron densities above 10 4 cm À3 can be justi®ed for this nebula, our model suggests that electron collisions alone can explain the high level of CH rotational excitation inferred from the line ratios recently obtained by Cernicharo et al. (1997) . Indeed, if we adopt the density values used in the cited paper to explain the observed emission with heavy particle collisions, then we obtain line ratios (relative to the j 2±1 transition) that exceed those observed.
q 1999 RAS, MNRAS 306, 473±478 Figure 3 . Level populations from models A, B and C for an electron density of n e 30 cm À3 and temperatures between 800 and 2000 K. In top-tobottom order, the lines represent the populations of levels j 1 (solid line), j 2 (dotted), j 3 (medium-dashed), j 4 (long-dashed), j 5 (dotdashed) and j 6 (dot/long-dashed).
